Objective: To investigate the accuracy of foot-to-foot impedance methodology for the prediction of total body water and whether leg length rather than stature should be used in the prediction of total body water. Design: Cross-sectional study using volunteers from the community. Setting: University laboratory. Subjects: 57 subjects (29 male; 28 female) aged 19±56 y. Interventions: Total body water was measured using a deuterium oxide dilution technique. Total body water was also predicted using foot-to-foot impedance apparatus (Tanita Inc, Tokyo, Japan, Model TBF 305). Results: Mean values for predicted and measured total body water differed by 0.7 l. However this bias was not constant across all individuals with a progressive underestimation of total body water by foot-to-foot impedance technology as the water content of the body increases. Also the use of leg length did not improve the accuracy of the prediction equation. Conclusions: At the population level predictions of total body water obtained from foot-to-foot impedance technology compare well with measured total body water. However the signi®cant correlation between the difference between predicted and measured total body water and the absolute value for total body water is a concern especially if the technology is used for body composition assessment during a weight loss program. Sponsorship: RJH was in receipt of a Queensland University of Technology Vacation Scholarship.
Introduction
There are numerous pieces of equipment designed to estimate body composition via the measurement of bioelectrical impedance. In simple terms, the principle of the technique is that an electrical current in the human body is carried via body water, and as fat is anhydrous, the resistance or impedance to¯ow of an electrical current through the human body must be proportional to the amount of fat free mass (Behnke & Wilmore, 1974; Forbes, 1962; Hoffer et al, 1969) .
The majority of commercially available equipment utilises what has been termed a tetrapolar approach, with skin electrodes being placed on the foot, ankle, wrist and hand. The distal electrodes, that is those on the foot and hand, are used to induce a small current, typically 800 mA, into the body while the proximal electrodes detect the voltage drop. Knowledge of current and voltage allow the calculation of body resistance or impedance. Electrical theory then dictates that the volume of the conducting medium, in the case of humans total body water, is proportional to the conductor length divided by impedance. Height is usually taken as conductor length, and thus H 2 aimpedance is proportional to total body water and hence to fat free mass.
The technique is currently used in a wide range of situations and many validations of the technique have been published (Cordain et al, 1988; Davies et al, 1988; Kushner et al, 1986; Lukaski et al, 1986; Segal et al, 1987) . However, a new derivation of the tetrapolar technique has recently been developed. This derivation has been referred to as a`foot-to-foot' method as both the current and the voltage drop are measured via four metallic foot plates which are integrated into a conventional electronic weighting scale. The heels of the foot are placed on two of the plates while the front of the feet are placed on the other two plates. To date, there has been limited validation of the foot-to-foot approach.
One recent study (Nunez et al, 1996) found statistically signi®cant correlations between H 2 aimpedance and total body water as measured using a tritium oxide dilution technique. Nevertheless, these workers noted a high standard error of estimate for the prediction of total body water using the technique. It was suggested that at least some of the error may be induced by using height as a proxy for conductor length when using foot-to-foot impedance technology. The conductor length might better be represented by leg length rather than height. We have therefore investigated the accuracy of the new foot-to-foot impedance technology in predicting total body water in a cohort of adults and also investigated whether the use of leg length rather than height in prediction equations improves the accuracy of the technique as measured by the standard error of the estimate.
Methods
A total of 57 subjects (29 male; 28 female) were recruited via local advertisement. The experimental procedures were explained to each subject and written, informed consent was obtained. The study was approved by the Queensland University of Technology Ethics Committee. Measurement of height and sitting height were made using standard procedures and the subischial leg length calculated as height minus sitting height. Subjects then stood barefoot on the foot-to-foot impedance apparatus (Tanita Inc., Tokyo, Japan, Model TBF 305). This apparatus records body weight, and when this is stable, predicts total body water via the measurement of impedance and hence fat free mass and fat mass.
Total body water was measured in each subject using the stable isotope of hydrogen, deuterium, in the form of water ( 2 H 2 O). Each subject provided a 10 ml urine sample and then drank a 10% solution of 2 H 2 O based on their body weight (0.5 gakg body weight). The dose consumed was recorded to two decimal places of a gram. A further urine sample was collected 5 h later. The enrichment of the predose urine sample, the post-dose urine sample, local tap water and the dose given were measured using isotope ratio mass spectrometry (Hydra, Europa Scienti®c, Crewe, UK). A 0.5 ml aliquot of each sample to be analysed was placed in a 12 ml exetainer. A 0.5 ml vial (Hewlet Packard, USA) containing approximately 1 mg of platinum on alumina powder (Sigma Aldrich, Sydney) was carefully placed upright in the sample. The exetainers were evacuated for 5 min and then 99% hydrogen gas introduced into the exetainer. The samples were then left at room temperature for 3 d. During that time the deuterium in the sample becomes in equilibrium with the hydrogen gas above the sample, with the platinum on alumina powder acting as a catalyst (Prosser & Scrimgeour, 1995) . Reference waters were prepared at the same time and in the same way as the unknown samples. Following equilibrium, the enrichment of the samples were measured in triplicate. Results were expressed relative to standard mean ocean water (SMOW).
The equation used for the calculation of the deuterium oxide dilution space (N) is shown below.
where A is the amount of isotope given in grams, a is the portion of the dose in grams retained for mass spectrometer analysis, T is the amount of tap water in which the portion a is diluted before analysis, and Ea, Et, Ep and Es are the isotopic enrichments in delta units relative to SMOW of the portion of dose, the tap water used, the pre-dose urine sample and the post-dose urine sample (Halliday & Miller, 1977) . Total body water was then calculated as Na1.03 (Schoeller et al, 1980) .
Statistical methods
The approach of Bland & Altman (1986) was used to compare the measured total body water with that predicted by foot-to-foot impedance. This statistical approach is recognised as the most appropriate way to compare the ability of differing methods to measure the same parameter. The approach allows for the calculation of the bias between the techniques. The bias is calculated as being the mean of the differences between the predicted and measured values of total body water. Regression was used to evaluate the relationship between height 2 aimpedance and measured total body water and leg length 2 aimpedance and total body water.
Simple descriptive statistics were used to present information relating to the physical characteristics of the subjects.
Results
Some physical characteristics of the subjects studied are shown in Table 1 . The mean and standard deviation of the measured and predicted total body water and bias between the measurements are shown in Table 2 .
The mean values for measured and predicted total body water are very close being 40.8 l and 40.2 l respectively. There was no signi®cant difference between the bias found for the males (70.7 l) and the females (0.0), resulting in an overall bias for the cohort of 70.7 l. Nevertheless, it cannot be assumed that the bias is constant across the range of body water measured and it is recommended that in the ®rst instance a plot of the difference between the measurement and the mean of the measurement be produced (Bland & Altman, 1986) . Such a plot is shown in Figure 1 . Figure 1 The difference between the predicted and measured total body water plotted against the mean of the two measurements.
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There is a small but signi®cant negative correlation between the means and the differences (r 70.22; P`0.01). This correlation was r 70.68, P`0.01 for the males and r 70.55, P`0.01 in the females.
The relationships between height 2 aimpedance and total body water and between leg length 2 aimpedance and total body water are shown in Figures 2 and 3 , respectively.
Discussion
The prediction of total body water and hence body composition via the use of the measurement of bioelectrical impedance is widespread in many areas, including clinical medicine, sport science, nutrition and epidemiology. New variations on the basic theory that the length 2 aimpedance of a conducting medium is proportional to the volume of that medium should be thoroughly validated before being accepted and used routinely. We have compared the predicted total body water from a new foot-to-foot impedance machine to that measured via a deuterium oxide dilution technique. The latter technique is accepted as one of thè gold standard' methods for measuring total body water (Sheng & Huggins, 1979) , although it is important to correct the measured dilution space for the overestimation of total body water due to exchange of isotope with nonaqueous hydrogen (Schoeller et al, 1980) . In our laboratory, in vitro tests have shown that the accuracy of deuterium dilution for measuring a water volume is approximately 1%.
Compared with the`gold standard' the foot-to-foot impedance technology, on average, underestimates true total body water by 0.8 l. In body composition terms this is equivalent to approximately 1.1 kg of fat free mass. However, the fact that Figure 1 shows a negative signi®cant correlation between the magnitude of total body water and the difference between the measured and predicted total body water indicates that the bias is not consistent across the range of body water measured. This suggests that footto-foot impedance technology underestimates true total body water to an increasing extent at larger volumes. This error may well be due to the algorithm used to predict total body water from measured foot-to-foot impedance within the software of the apparatus. Figure 2 shows the line of best ®t relating height 2 aimpedance and measured total body water. The regression coef®cient, of 0.66, is identical to that found in a previous study (Nunez et al, 1996) and the intercepts are also very similar. Indeed the regression coef®cient and the intercept reported here are very similar to those found using conventional tetrapolar bioelectrical impedance technology (Davies, 1994) . Nevertheless, there is considerable scatter around the line of best ®t which contributes to a high standard error of estimate being 4.6 l. This is less than that previously reported (Nunez et al, 1996) but when the standard error of the estimate is expressed as a percentage of the mean measured value for total body water, the data reported here (11.3%) are similar to that found by Nunez and colleagues (12.2%) .
It has been suggested that one of the reasons for the relatively high standard error of the estimate is the use of height as a proxy for conductor length when using foot-tofoot impedance. Figure 3 shows the line of best ®t for leg length 2 aimpedance and measured total body water. In this instance there is no improvement in the standard error of the estimate and in fact the error increases slightly to 4.8 l.
While leg length may be a more accurate estimate of conductor length when using foot-to-foot impedance the fact that height and leg length are highly correlated (r 0.94; P`0.01) may be one of the reasons why there is no improvement in the standard error of the estimate when using leg length. Foot-to-foot impedance technology offers a rapid, simple, non-invasive means of predicting body composition. For those reasons it is likely that the technique will become popular in many areas of biomedical sciences. The data presented here suggest that while at the population level values for total body water predicted by foot-to-foot impedance and measured total body water values are very similar there is a progressive underestimation of total body water as the volume increases. This fact Assessment of foot-to-foot bioelectrical impedance analysis NA Bell et al should not be overlooked by individuals wishing to utilise the technique. This phenomena may be of particular importance if the technique is being used to assess changes in body composition during a weight loss program.
